Introduction
Dilated cardiomyopathy (DCM) is one of the most prevalent inherited cardiomyopathies and is known to be one of the leading causes of heart failure and sudden cardiac death, and typically necessitates a heart transplant. DCM is a genetically heterogeneous disease characterized by cardiac left ventricular enlargement and systolic dysfunction (1) (2) (3) . In the general population, the prevalence of DCM is greater than 1 in 2,500 individuals (4) . The majority of patients present with sporadic DCM (SDCM); however, genetic screening of first-degree relatives reveals that 20-35% of cases are familial DCM. Familial DCM is defined as SDCM in two or more closely related family members or, when involving a first-degree relative of a patient with SDCM (5, 6) . DCM is primarily caused by pathogenic gene mutations inherited in a Mendelian autosomal dominant pattern (7) (8) (9) . However, in a small number of cases, autosomal recessive, X-linked, or mitochondrial DNA inheritance characteristics have been observed (10) (11) (12) (13) (14) . Currently, over 50 genes have been documented to cause DCM. Of these, the majority harbour missense mutations located in sarcomere proteins, including cardiac myosin-binding protein C (MYBPC3), cardiac alpha-myosin heavy chain (MYH6), cardiac beta-myosin heavy chain (MYH7), troponin T type 2 (cardiac) (TNNT2), troponin I type 3 (cardiac) (TNNI3), tropomyosin 1 (alpha) (TPM1), myosin light chain 3 (MYL3), and actin, alpha, cardiac muscle 1 (ACTC1). In addition, mutations in the nuclear envelope proteins of nuclear lamin A/C (LMNA); cytoskeletal proteins, including myopalladin (MYPN), desmin (DES) and vinculin (VCL); calcium/sodium-handling proteins of sodium channel, voltage gated, type V alpha subunit (SCN5A); desmosomal proteins, such as desmoplakin (DSP) and RNA-binding motif protein 20 (RBM20); as well as other types of genes are considered to be closely related to the occurrence of DCM (Table I) (4, 15) .
Recent technical advances have allowed high-throughput next-generation sequencing (NGS) to overcome the limitations of traditional capillary Sanger sequencing (16, 17) . NGS has previously been used for genetic diagnoses in clinical settings (18) . In theory, genetic testing can identify patients at risk of developing DCM prior to the onset of clinical symptoms. The most frequently used Sanger sequencing technique is, however, cumbersome and expensive. Comparatively, NGS techniques are cost-efficient and generate a large amount of data in one reaction (19, 20) . Moreover, the molecular genetics data of patients with DCM are insufficient in China and have not been reported previously in relation to the Yunnan population. To provide new insight into the genetic profile of DCM in the Yunnan population in China, in the current study, we employed NGS screening to investigate the major DCM-causing genes in patients diagnosed with the disease. To the best of our knowledge, this is the first description of a gene mutation profile of patients with DCM from Yunnan in southwestern China. In view of the fact that genetic testing is a useful indicator for the clinical management of disease, testing for pathogenic mutations may be beneficial to the treatment of patients with DCM and may be used to predict disease risk for their family members prior to the onset of symptoms.
Materials and methods
Subjects and clinical evaluation. All subjects (n=21; 15 male, 6 female; median age at onset, 48.7 (±11.7) years; age range, 26-73 years) were recruited from southern and western Yunnan, China, and had been previously diagnosed with DCM in accordance with previously published guidelines (21 Candidate gene sequencing. Peripheral whole blood lymphocyte samples (2 ml) from each patient were collected in Vacutainer tubes coated with EDTA (BD Biosciences, Franklin Lakes, NJ, USA) and stored at 4˚C until DNA extraction. Genomic DNA was extracted from each blood sample using a commercially available genomic AxyPrep DNA miniprep kit (Axygen Biosciences, Union City, CA, USA) following the manufacturer's instructions. A total of 25 genes associated with DCM (Table I) were selected as candidate genes. The amplicons were captured using a custom-designed multi-target gene library (Agilent Technology, Santa Clara, CA, USA) to achieve sufficient sequences covering the genes of interest, and the amplicons were then sequenced using a Genome Analyzer IIx (Illumina, Inc., San Diego, CA, USA).
Sequence alignment and variant calling. Low-quality reads were discarded following an initial inspection with FASTXtools (http://hannonlab.cshl.edu/fastx_toolkit/index.html), and qualified sequences were aligned together with the human reference genome assembly (GRCh37/hg19) in Burrows-Wheeler Aligner, Smith-Waterman Alignment (BWA-SW, version 0.5.9) and Sequence Alignment/Map (SAM; version 0.1.16) tools software package, as previously described (22, 23) . Sequence calls for variants were identified using Variant caller (version 4.2.0), as previously described (24) . Following variant detection, the identified variants (splice, stop loss, synonymous, non-synonymous, insertion, or deletion variants) were annotated with the ANNOVAR annotation tool or using online Ion Reporter software (25; https://ionreporter.lifetechnologies. com/ir/secure/home.html).
Molecular genetic analysis.
The potential pathogenic role of variants in the coding region was focused on in the present study, i.e. only the statistical variation in the coding region. Putative pathogenic mutations were considered to be pathogenic based on the following criteria (26) (27) (28) (29) : i) the mutation has been reported to be associated with the disease phenotype in the reference or Human Gene Mutation Database (http://www. hgmd.cf.ac.uk/docs/login.html); ii) the mutation has a minor allele frequency (MAF) of <1% in the NCBI dbSNP Build 137 (http://www.ncbi.nlm.nih.gov/projects/SNP), the 1000 Genomes Project (http://www.1000genomes.org/), and the National Heart, Lung, and Blood Institute Exome Sequencing Project (https://esp.gs.washington.edu/drupal/) databases; iii) the protein structure and function was significantly altered, and the amino acid was highly conserved across a number of species; iv) the mutation was analyzed and shown to be pathogenic using the PolyPhen-2, SIFT, or MutationTaster (30-32) algorithms; or v) novel mutation or variants of uncertain significance had to be absent from unrelated and healthy controls which were matched for ethnicity. The mutation nomenclature was based on the nucleotide reference sequences: MYPN, NM_032578; TNNT2, NM_001001432; MYH7, NM_000257; DES, NM_001927; VCL, NM_014000.2; MYH6, NM_002471.3; RBM20, NM_001134363.1; TNNC1, NM_003280.2; MYBPC3, NM_000256; and NM_000258.2 for MYL3.
Validation of selected mutations. All of the putative pathogenic mutations were reconfirmed by traditional capillary Sanger sequencing (ABI 3130 Genetic Analyzer; Life Technology, Carlsbad, CA, USA) of the PCR product for all suspected samples, using primers for preliminary determined mutations (Table II) . The amplification of each mutation fragment was undertaken using primeSTAR GXL DNA polymerase (Takara, Otsu, Japan, code no. R050A). PCR conditions consisted of 1 cycle of 96˚C for 5 min; 30 cycles of 96˚C for 3 min, 54˚C or 57˚C for 30 sec, 68˚C for 1 min (200 bp<fragment size<1000 bp) or 2 min (1000 bp<fragment size<2000 bp); 1 extension cycle of 68˚C for 5 min and holding at 16˚C. Control alleles (n=200) were taken from 100 unrelated healthy subjects with normal phenotypes (matched for gender, age and ethnicity) to exclude the possibility of rare polymorphisms of the novel mutations and variants of uncertain significance.
Statistical analysis. Statistical analysis was used to summarize the clinical characteristics of the subjects; SPSS 16.0 software was used. The mean values ± standard deviation (SD) are shown when comparing the presence and absence of mutation groups.
T-test results of independent samples with p-values <0.05 were considered to indicate statistically significant differences.
Results
Study population. Molecular screening was performed on a cohort of 21 unrelated patients in Yunnan, who were recruited with an original clinical diagnosis of DCM. Of these patients, 15 were male and 6 were female, with a median age at onset of 48.7 (±11.7) years, and an age range of 26-73 years. ECG revealed enlarged heart chambers [LVED = 68.9±10.6; left ventricular end systolic diameter (LVESD) = 58.5±11.4] and a low LVEF (LVEF = 31.4±10.9); interventricular septal thickness and left ventricular posterior wall thickness were 9.3 and 8.6 mm, respectively. The left atrium size was 45.7 mm. The clinical characteristics of the patients with DCM are presented in Table III .
Identification of DCM-related mutations. Sequencing of the major DCM-causing genes (Table I) was performed.
Subsequently, the short reads mapped onto the reference genome (GRCh37/hg19) were annotated with the ANNOVAR annotation tool or Ion Reporter software. All successfully mapped sequence reads were analyzed to detect sequence variants, including non-synonymous, synonymous, insertion, and deletion variants. In all patients, the mean read depth of coverage for all target gene variants was 170.8X (range, 4 to 522X; Fig. 1 ). Altogether, 243 missense mutations (data available upon request) were identified with an average of 12 variants found per patient with DCM. On the other hand, the potential of the variations were detected in the coding region (CDS) of the target genes in 21 patients with DCM (data available upon request).
The variants were selected from most of the synonymous or non-synonymous variants and compared with the reported data from NCBI dbSNP (MAF>0.01). Finally, 12 possibly pathogenic heterozygous mutations from the candidate genes were revealed (Table IV) , and these mutations were confirmed using traditional capillary Sanger sequencing (Fig. 2) . Of these, 2 mutations, p.A26V in MYH7 and p.R160W in MYBPC3, have been previously documented (33) , and 3 variants of Table III . Clinical characteristics of patients with dilated cardiomyopathy according to diagnosis. uncertain significance (VCL, p.M209L; RBM20, p.R1128H; MYH6, p.T1253M) in dbSNP have been documented in the 1000 Genomes Project database at MAF = 0.0001, 0.0049, and 0, respectively, in the Han Chinese population from Beijing. Furthermore, it is worth noting that 7 novel mutations (MYPN, p.E630K; TNNT2, p.G180A; DES, p.R386H; MYBPC3, p.C1124F; MYH6, p.R1047C; MYL3, p.D126G; and TNNC1, p.D3V) are not listed in the NCBI dbSNP database, 1000 Genomes Project, the Human Gene Mutation database, or Exome Sequencing Project database. These 7 novel mutations were absent in the healthy control samples, and the corresponding altered amino acids of the 7 novel mutations and 3 variants of uncertain significance were highly conserved across a number of species. This indicates that these altered amino acids share related protein functions (data available upon request). Finally, based on the online analysis using MutationTaster, PolyPhen2 and SIFT, these mutations were predicted to be disease-causing, not tolerated, or probably damaging (Table IV) . These results suggest that the 7 novel mutations and 3 variants of uncertain significance were highly associated with DCM in the patients studied.
Genetic testing Cardiac -----------------------------------------------------------------------------------------------------------------------------
Association of genotype and phenotype. To elucidate the association of genotype and phenotype in patients with DCM, a comparison of the clinical characteristics, such as age at diagnosis and LVEF, was performed between groups of patients with and without gene mutations (Table III) . No statistically significant difference in LVEF was observed in the patients with DCM based on the presence or absence of genetic mutations (P=0.078>0.05). However, it was demonstrated that patients with DCM harbouring DCM-associated mutations had been diagnosed with their condition at a significantly younger age than patients with DCM without the mutations (57.1±9.1 vs. 42.3±9.3 years; P=0.002<0.05; Table III) .
Mutant spectra in patients with DCM. As shown in Table IV , there were 12 probands (patients with DCM) harbouring one mutation (12/21, ~57.2%), including the 7 novel mutations, 3 variants of uncertain significance, and 2 previously reported mutations. From the patients with DCM carrying genetic variants (8 male, 4 female), the highest frequency of mutations was detected in sarcomere genes (8/12, ~66.7%; MYH7, MYBPC3, MYH6, TNNT2, TNNC1 and MYL3), followed by cytoskeletal genes (3/12, ~25%; MYPN, DES and VCL) and other types of genes (1/12, ~8.3%; RBM20). A small number of mutated genes were identified with a high frequency in the patients with DCM.
To the best of our knowledge, the mutated genes, MYBPC3 and MYH6, were the most frequently observed genes with 2 out of 12 patients harbouring mutations in these two genes. However, the other mutated genes were only found in 1 patient each.
Discussion
DCM is primarily caused by pathogenic genetic mutations. For example, it has been suggested that mutations in genes encoding contractile proteins result in functional changes and lead to contractile dysfunction of cardiomyocytes (34, 35) . The majority of patients with DCM exhibit autosomal dominant genetic disease, although there are several reported cases with recessive, X-linked, and other patterns of inheritance (11, 12, 14, 15) . Thus, the Heart Rhythm Society/European Heart Rhythm Association expert consensus statement recommends the performance of genetic testing on patients with DCM. As regards clinical intervention for patients with DCM, there is still no effective treatment, aside from heart transplants. The identification of the molecular genetic basis of the disease is important for determining appropriate strategies for DCM prevention and management before the onset of symptoms. The present study aimed to assess the prevalence of known DCM-related genes and the association between the results of cardiac screening and genetic testing on patients from Yunnan, China. The screening of candidate genes (Table I ) in 21 patients with DCM was performed using NGS. Mutations were found in more than half of the DCM patients (12/21, ~57.2%). In comparison with previous studies (36) (37) (38) , pathogenic mutations were present at a higher frequency in Yunnan DCM patients than in patients from other populations. Moreover, pathogenic mutations were not detected in 9 patients with DCM, due to localisation of the mutations to other untested genes, as has been previously suggested (39) . MYH7-p.A26V (40, 41) and MYBPC3-p.R160W (32, 42) have been reported previously in different patient groups with hypertrophic cardiomyopathy (HCM). However, these mutations (MYH7-p.A26V and MYBPC3-p.R160W) were originally found in patients with DCM, once again illustrating the clinical and genetic heterogeneity of patients with DCM. Of these two mutations, MYH7-p.A26V results in an amino acid substitution located in the myosin heavy chain affecting different functional domains of the head or the head-rod junction of MYH7 (43) . MYBPC3-p. R160W results in changes in the charge of the altered amino acid in the immunoglobulin-like domain, and this mutation is associated with both HCM (32, 42) and DCM.
Notably, the 7 novel mutations, p.E630K in MYPN, p.G180A in TNNT2, p.R1047C in MYH6, p.D3V in TNNC1, p.R386H in DES, p.C1124F in MYBPC3, and p.D126G in MYL3, and the three variants of uncertain significance (RBM20, p.R1182H; MYH6, p.T1253M; and VCL, p.M209L) were not found in the genomes of 100 healthy controls with matched age, gender, and geographical region (data available upon request). A cross-species alignment of those sequences showed that their corresponding amino acids were highly evolutionarily conserved (data available upon request). Online bioinformatics software (PolyPhen-2, SIFT and MutationTaster) was used to predict the functional effects of the altered proteins in the DCM patients, resulting fromin? the seven novel mutations and three variants of uncertain significance. The results of the present analysis implied that these altered amino acids damage protein functions, as these mutations were predicted to localise to the functional region of the proteins (data available upon request).
Of the patients with DCM recruited for this study harbouring identified mutations, mutations in sarcomere genes and cytoskeletal genes were the most common, with a prevalence of ~66.7% (8/12) and ~25% (3/12), respectively (18) . Of the tested genes in the present study, sarcomere (MYBPC3, MYH7, MYH6, TNNT2, TNNC1 and MYL3) and cytoskeletal genes (MYPN, DES and VCL) were the most frequently mutated. It is worth noting that MYH6 (p.R1047C and p.T1253M) and MYBPC3 (p.R160W and p.C1124F) gene mutations were found in two patients; the other gene mutations (MYH7, TNNT2, TNNC1, MYL3, MYPN, DES, RBM20 and VCL) were identified in one patient each. Comparatively, MYH6 and MYBPC3 gene mutations had not occurred at such a high frequency in previously documented DCM patients (2, 44, 37) . This implies that genetic testing on sarcomere and cytoskeletal genes is a valuable diagnostic tool for individuals at a high risk for DCM. However, due to the limitations caused by the small sample size in this study, it is necessary to increase the sample size in future studies to confirm the genetic basis of SDCM.
In the current study, the prevalence and distribution of disease genes, the spectrum of gene mutations, and clinical features were first reported in DCM patients in Yunnan Province, China. We found a mutation in 57.2% of the tested DCM patients, a total of 12 non-synonymous mutations, and of these, seven novel mutations, were identified using NGS. MYBPC3 and MYH6, both sarcomere protein-encoding genes, were the most commonly identified. Therefore, our results indicate that targeted gene sequencing is a feasible approach to the identification of pathogenic mutations in DCM patients. Compared with whole genome sequencing, whole exome sequencing, and Sanger sequencing, NGS screening is efficient, fast, and cost-effective (45, 46) . We suggest that genetic testing on DCM patients thus provides the most effective means to identify at-risk family members, particularly those whose clinical features are mild or ambiguous. It is also important for early diagnostic clinical evaluation and the better management of family members at risk for DCM.
However, there were several limitations to the present study. The only information obtained for the control subjects was age, gender, ethnicity and certain clinical characteristics. Only 21 patients with DCM were recruited and screened, thus resulting in a small sample size. Thus, additional independent studies with a larger sample size are warranted in order to confirm our results. In the current study, we have only described the gene mutations of DCM patients; therefore, further studies on the mechanisms of novel mutations are necessary in order to elucidate the disease mechanisms at the level of cell or transgenic animal models.
